Air pollution is known to lead to a substantial health burden, but the majority of evidence is based on data from North America and Europe. Despite rising pollution levels, very limited information is available for South Asia. We investigated the impact of particulate matter with an aerodynamic diameter less than or equal to 10 μm (PM 10 ) on hospitalization, by cause and subpopulation, in the Kathmandu Valley, an understudied and rapidly urbanizing region in Nepal. Individual-level daily inpatient hospitalization data (2004)(2005)(2006)(2007) were collected from each of 6 major hospitals, as Nepal has no central data collection system. Time-stratified case-crossover analysis was used with interaction terms for potential effect modifiers (e.g., age, sex, and socioeconomic status), with adjustment for day of the week and weather. Daily PM 10 concentrations averaged 120 μg/m 3 , with the daily maximum reaching 403 μg/m 3 . A 10-μg/m 3 increase in PM 10 level was associated with increased risks of hospitalization of 1.00% (95% confidence interval (CI): 0.62, 1.38), 1.70% (95% CI: 0.18, 3.25), and 2.29% (95% CI: 0.18, 4.43) for total, respiratory, and cardiovascular admissions, respectively. We did not find strong evidence of effect modification by age, sex, or socioeconomic status. These results, in combination with the high levels of exposure, indicate a potentially serious human health burden from air pollution in the Kathmandu Valley. air pollution; case-crossover studies; hospital admission; Nepal; particulate matter Abbreviations: CI, confidence interval; ICD-10, International Classification of Diseases, Tenth Revision; PM 10 , particulate matter with an aerodynamic diameter less than or equal to 10 μm; SES, socioeconomic status; VDC, village development committee.
A wide spectrum of health burdens are linked to short-term exposure to air pollutants (1) (2) (3) (4) (5) (6) (7) . Many studies have demonstrated an association between short-term exposure to particulate matter with an aerodynamic diameter less than or equal to 10 μm (PM 10 ) and increased risk of cardiovascular and respiratory hospital admissions (8) (9) (10) (11) (12) (13) . Most such studies have been based in North America and Western Europe (14) , but a growing number are being carried out in Asia (15) . Over 400 studies on health impacts of air pollution have been conducted in Asia, with the majority being conducted in East Asia, which is more economically developed; there have been few studies in South or Southeast Asia (15, 16) .
Nepal is one of the many South Asian countries with limited understanding of air pollution and health. The Kathmandu Valley, the urban center of Nepal, has a rising number of vehicles, poor road infrastructure, old vehicles, fuel adulteration, bowl-like topography, rapid and unplanned urbanization, and increasing population, contributing to high levels of air pollution. The limited studies available for the Kathmandu Valley showcase the high pollution levels and potential for serious human health consequences (17) .
Extrapolating data on the health impact of air pollution from studies conducted in the West and more developed Asian regions to Nepal and similar places provides useful information but has limitations (18) (19) (20) (21) . The Kathmandu Valley has substantially higher air pollution levels than the developed world, and an exposure-response relationship developed for lower pollution levels may be inappropriate. The pollution mixture may differ from that in other regions due to differences in sources. Actual exposure may differ due to lifestyle differences that influence activity patterns and housing characteristics (14, 15) . Populations' health responses to pollution may vary due to differences in baseline health, nutritional status, health-care systems, socioeconomic status (SES), and other factors. These population differences pose further challenges to extrapolation of results from developed countries to developing nations (22, 23) . Additionally, vulnerability to short-term air pollution exposure may vary by individual (e.g., sex, age) or community (e.g., unemployment rate) characteristics. Particularly in Asia, few studies have investigated how the health impacts of air pollution differ among subpopulations (15) .
The case-crossover study design has been utilized to investigate the impact of air pollution on total and cause-specific hospital admissions (24) (25) (26) (27) . This design allows for direct control of fixed individual-level confounders and direct modeling of interaction terms. In the current study, we investigated the association between ambient PM 10 levels and total and cause-specific hospital admissions, as well as effect modification by individual and community characteristics, in the Kathmandu Valley. To the best of our knowledge, this is the largest study of ambient air pollution and health carried out in Nepal to date, and prior to this project no computerized data set existed for individual-level hospitalizations in the Valley, other than within some individual hospitals.
METHODS

Daily inpatient hospital admission data (mid-2004 to 2007)
for the Kathmandu Valley were obtained from 6 major hospitals. The Nepalese government collects only monthly hospital admission summary data, and not all hospitals participate; hence, we approached each hospital individually for data. Each hospital had its own system for data archival, with most hospitals having only recently moved to computerize records and archives being paper-based. No records were available for before mid-2004, since all hospitals discarded hard copies of records after a certain time period.
For 3 hospitals, data were transcribed from paper records to an electronic format. For each admission, information was available on admission and discharge dates, neighborhood of residence, sex, age, and unique patient identity code. Dates were converted from the lunar calendar to the Gregorian calendar. Information on patient's residence at the time of admission does not provide an exact address but provides data on general residence location at the neighborhood level. Neighborhoods of residence were mapped, and a village development committee (VDC) and ward were assigned to each admission. VDCs are divided into wards, which are the smallest administrative units in Nepal. This information was used to determine whether a patient lived inside or outside the Valley. We excluded admissions of persons living outside the Valley, admissions that occurred within 30 days after a previous admission for a given patient, entries with discharge dates before admission dates, and duplicate entries.
Hospital admissions were categorized by age group (≤14, 15-64, or 65-100 years). International Classification of Diseases, Tenth Revision (ICD-10), codes were available for data from 2 hospitals, and we classified admissions as being due to respiratory (ICD-10 codes J00-J99), cardiovascular (ICD-10 codes I00-I99), or other (ICD-10 codes A00-R99) causes. Here, "other causes" corresponds to admissions that are noncardiovascular, nonrespiratory, or nonaccidental. Information on diagnosis at hospital admission was available for 1 additional hospital, and this was used to classify those admissions by cause. Here, "total" refers to daily inpatient hospital admissions at 6 major hospitals from mid-2004 to 2007 and includes admissions with known and unknown causes. "Cause-specific total" here refers to daily inpatient hospital admissions from mid-2004 to 2007 at the 3 major hospitals with cause-specific information and includes admissions with known causes; it is thereby a subset of "total."
Daily PM 10 Census 2001 data from 119 VDCs (for the Kathmandu Valley) and 100 wards (for 5 urban VDCs in the Valley) were collected from the Central Bureau of Statistics, Nepal. Ward-level data were unavailable for other VDCs in the Valley. This information was used as an area-level SES indicator (low, medium, or high). Hospitals in the Kathmandu Valley do not collect individual-level information on SES (e.g., education). For each VDC, data are available on the total numbers of households with economic activity and no economic activity. For each VDC, data are also available on population size, population by educational level, and numbers of persons who are economically active versus inactive. For each ward in the 5 urban VDCs, available data on households include type of cooking fuel used, type of lighting fuel used, and economic activity (economically active vs. inactive households). For each ward, data include the distribution of the population by education, employment, and occupation (see Web Appendix 1, available at https://academic.oup.com/aje). Each variable was converted to the fraction of the household or population based on the total household or total population for the appropriate age category. These adjusted VDC-level and ward-level variables, used as SES indicators, were assigned to each hospital admission by residential neighborhood. Next, for each SES indicator variable (VDC and ward level), admissions were categorized as low-, medium-, or high-SES, with approximately equal numbers of admissions in each group.
We identified which days during 2004-2007 were public holidays or days on which strikes took place in the Valley (28, 29) . Strikes, organized by various political organizations, are days when commercial and vehicle activity in the Valley ceases. Two indicator variables were created to designate days with or without holidays or strikes. The primary analysis did not exclude days designated as a strike day or holiday.
The case-crossover study design was utilized. In casecrossover studies, each case acts as his or her own control, with control days designated those on which the event of interest (in this case, hospitalization) did not occur. We used a time-stratified case-crossover study design, where, for each case day, control days were selected as days with the same rounded daily temperature value in the same month of the same year. Hence, time was divided into fixed strata, and the days in each stratum were considered for referents. This method matches by temperature, year, and month, which adjusts for long-term trend and season, by design.
The associations between PM 10 , with single-day and multiday lags (0, 1, 2, 0-1, 1-2, or 0-2 days), and cause-specific hospital admission (total, cardiovascular, respiratory, or other) were examined. Lag 0 represents exposure on the same day as admission, lag 1 represents exposure on the previous day, and multiday lags (e.g., 0-1) represent exposure incurred on the same day and previous day(s). For example, a lag of 0-1 represents the average of exposures incurred on the same day and the previous day. We adjusted for day of the week, relative humidity, and rainfall. A conditional logistic regression model using PROC PHREG in SAS 9.3 (SAS Institute, Inc., Cary, North Carolina) was fitted.
Sensitivity analyses were performed by using: only data for "cause-specific total"; adjustment for strike and holiday; and interpolated daily PM 10 values for the monitor days with missing PM 10 values, whereas the primary analysis used PM 10 measurements. To examine effect modification, separate models were fitted with an interaction term for PM 10 and each potential effect modifier at the individual level (age and sex) and the area level (VDC and ward-level SES indicators). The effect modification analysis adjusted for day of the week, relative humidity, and rainfall, and it used exposure based on observed PM 10 levels.
RESULTS
The analysis included 61,508 hospital admissions comprising 59,227 participants from 6 major hospitals in the Kathmandu Valley (Table 1) . Most admissions were for males (57.5%) and persons aged 15-64 years (73.6%). "Cause-specific total" admissions (all admissions for which the cause of hospitalization was known) included 31,624 admissions of 30,792 participants at 3 major hospitals. The majority of the participants resided in the center of the Valley, which forms the central urban core and includes the 5 urban VDCs (Web Figure 1) . Table 2 shows summary statistics for PM 10 and weather data. The correlation between pairs of monitors was high (Web Table 1 ). PM 10 levels were lower on holidays (maximum, 265 μg/m Table 2 ).
Most SES indicator variables were highly correlated. For VDC-level variables, high correlation (r = 0.98-0.99) was observed, except for the number of households with agriculture land and livestock (r = 0.23-0.28). Similarly, high correlation (r = 0.65-0.99) was observed between ward-level SES variables, except for the number of households using wood or dung as cooking fuel (r = 0.06-0.24). The fraction of households engaging in small-scale nonagricultural economic activity showed variability at the VDC level (Web Figure 2 ) and heterogeneity within VDCs at the ward level (Web Figure 3) . Associations between daily PM 10 level and hospital admissions (respiratory, cardiovascular, other, and total) were estimated for multiple single-day and multiday lags ( Table 3) . The lag effect differed by cause of admission. Statistically significant effects (P < 0.05) were observed for all admission categories for lag 0. Positive central effect estimates were observed for all lag structures and causes except for "other" admissions at lag 1 and lag 1-2. For subsequent analysis, the lag with the most certain effect estimate, as determined by the largest t statistic, was selected for each admission category (lag 0 for all categories). Sensitivity analysis using only "cause-specific total" produced results that were not statistically different (Web Table 3 ). Sensitivity analysis including indicator variables for holidays and strike days showed patterns for lag structure that were similar to those of the primary analysis, which excluded such indicator variables (Web Table 4 ). Results were also similar when PM 10 estimates from interpolation models were used to predict missing PM 10 values, employing 3 interpolation approaches (Web Table 5 ).
The observed associations between PM 10 and hospital admission were not significantly modified by sex or age (Table 4) . Central effect estimates were similar for men and women for all causes (e.g., a 1.02% increase in respiratory admissions per 10-μg/m 3 increase in PM 10 vs. a 1.01% increase). Positive, statistically significant effect estimates were observed for both sexes for all admission categories. Central PM 10 effect estimates were similar by age group for all causes. Sensitivity analysis using only "cause-specific total" showed no significant difference in PM 10 effect estimates by sex or age (Web Table 6 ). Sensitivity analysis with finer age categories produced no difference in results (Web Table 7 ).
Next, we examined effect modification by multiple susceptibilities (age and sex simultaneously) (Web Table 8 ). Effect estimates for PM 10 showed no significant difference by age and sex, except that the association for older females (ages 65-100 years) was 1.27 (95% confidence interval (CI): 1.12, 1.44) times higher than the association for female children (ages ≤14 years).
We investigated whether the observed association between PM 10 and hospital admission differed by multiple VCD-level SES indicators for the 119 VDCs in the Valley (Web Table 9 ) and separately for the subset of 59 VDCs in the Kathmandu district only (Web Table 10 ). Positive and statistically significant effect estimates for the association between PM 10 and hospital admissions were observed within each level of SES (low, medium, and high) for all SES indicators based on data for 119 VDCs in the Valley or for the 59 VDCs in the Kathmandu district only. Clear trends in PM 10 effect estimates by SES indicator were not observed.
Similarly, clear trends in PM 10 effect estimates by SES indicator were not observed based on ward-level census data for the 5 urban VDCs in the Valley (Web Table 11 ). Positive and statistically significant effect estimates for PM 10 and hospital admissions were observed within all levels of SES (low, medium, and high) for all SES indicators. , and levels at all 6 sites exceeded the overall standard (120 μg/m 3 not to be exceeded on more than 4.9% of days per calendar year and not on 2 consecutive days) (30) . Comparison of 5-year average PM 10 concentrations (2000-2004) in 20 Asian cities (e.g., New Delhi, India; Beijing, China; Dhaka, Bangladesh) with those in Kathmandu showed PM 10 levels comparable to those of the major cities, with levels well above the World Health Organization guideline and substantially higher levels than in US and European cities (31) .
We examined the impact of high ambient PM 10 exposure on risk of hospital admission and whether some subpopulations in the Kathmandu Valley were more susceptible or vulnerable based on sex, age, and SES indicators. Statistically significant effects were observed for PM 10 at lag 0 for all causes considered. Results were robust to multiple sensitivity analyses. Numerous other studies have evaluated acute morbidity effects of particulate pollution based on hospital admission in other locations with different populations and air pollution mixtures, and most such studies have found statistically significant associations (32) . The central effect estimate for cardiovascular admissions (2.29% for a 10-μg/m 3 increase in PM 10 ) was higher than estimates observed in many other regions in earlier studies. A 10-μg/m 3 increase in PM 10 concentration was associated with a 0.5% (95% CI: 0.2, 0.8) increased risk of cardiac hospital admission in 8 European cities (13), a 0.65% (95% CI: 0.3, 1.0) increased risk of myocardial infarction admission in a multicity US study (33) , and a 0.7% (95% CI: 0.1, 1.4) increase in stroke hospitalization in Wuhan, China (34) . A review of studies on PM 10 and cardiovascular admissions showed that a 10-μg/m 3 increase in PM 10 levels was associated with increases of 0.8% (95% CI: 0.5, 1.2) for congestive heart failure, 0.7% (95% CI: 0.4, 1.0) for ischemic heart disease, and 0.2% (95% CI: −0.2, 0.6) for cerebrovascular accident (10). For respiratory admissions, central effect estimates (1.59% for a 10-μg/m 3 increase in PM 10 ) in the Valley were similar to or lower than those observed in other regions. A 10-μg/m 3 increase in PM 10 level was associated with a 1.47% (95% CI: 0.93, 2.01) increase in hospital admission for chronic obstructive pulmonary disease at lag 1 and a 0.84% (95% CI: 0.50, 1.19) increase in pneumonia admission at lag 0 in a study of 36 US cities (27) ; with a 1.6% increase in admissions for respiratory causes in Hong Kong, China (35); and with 2.4%, 3.8%, 2.8%, and 5.3% increases in respiratory, upper respiratory tract, chronic obstructive pulmonary disease, and pneumonia admissions, respectively, in Lanzou, China (36) . Although these earlier studies investigated a range of respiratory and cardiovascular causes and studies of a specific summed cause (e.g., total respiratory causes) can have somewhat dissimilar ICD-10 codes (37), our results generally indicate higher PM 10 health effects for cardiovascular admissions and roughly comparable effects for respiratory admissions in comparison with previous studies conducted elsewhere.
These differences in effect estimates for PM 10 and hospitalizations in the Kathmandu Valley as compared with studies conducted in other regions (higher for cardiovascular admissions, similar or lower for respiratory admissions) may be due to higher PM 10 levels, as well as differences in physical and chemical characteristics of the particles due to different sources. Differences in the population's baseline health status, access to health care, activity patterns, housing structure, and residential location in relation to pollutant sources in the Valley could also play a large role.
In this study, we did not find strong evidence of effect modification of risk estimates by age or sex. These findings mirror those of other studies that also did not observe such effect modification by age (38) (39) (40) (41) or sex (33, (38) (39) (40) (41) . However, many earlier studies found higher effect estimates for older persons (39, 41, 42) . Older persons may face higher risk of respiratory and cardiac diseases from acute exposure to particulate pollution due to differences in physiology, differences in exposure, competing causes, and other attributes (43) . Although results are inconsistent, overall, weak evidence exists that exposure to particulate matter leads to higher risks of hospitalization for women than for men (44, 45) . Effects for Lag 0 represents exposure on the same day as admission, lag 1 represents exposure on the previous day, and multiday lags (e.g., 0-1) represent the average of exposure incurred on the same day and previous day(s).
men and women may differ due to differences in exposure (e.g., occupation, daily activity pattern), actual pollutant dose following exposure due to differences in biological factors (e.g., lung capacity, hormonal composition), coexposures (e.g., alcohol and tobacco use, exercise), and health-care-seeking behavior (46). We did not observe clear trends in PM 10 effect estimates by SES. SES could be an important modifier of health risks associated with air pollution, due to differences in baseline health status, health-care access, occupational exposures, and nutrition (44) . Limited evidence is available suggesting higher risks of hospitalization from particulate matter for persons with lower education, income, or employment status in other regions (44) .
Health is associated with both individual and community characteristics, such that understanding of vulnerability and susceptibility based on these effect modifiers is important in identifying and protecting sensitive populations (44) . Future studies may need to involve more detailed data and larger sample sizes in order to investigate whether effect modification of air pollution health impacts is present.
A key innovation of this study is investigation of air pollution and health in a highly understudied population that faces high exposure levels, as well as the generation of one of the first data sets on hospital admissions for the region. Little research has been conducted on the health impact of air pollution in the Kathmandu Valley or in Nepal more broadly. This study required substantial effort to acquire and compile hospital admission data for the Kathmandu Valley, and the data have some limitations. The use of paper records in many hospitals necessitated transcription to a computerized format, which may have introduced errors. Only 3 hospitals had data on cause of admission ("cause-specific total"), and for these diseases misclassification due to problems related to diagnostic or coding errors is possible.
Our SES indicators were based on area-level (VDC and ward level) census data, rather than individual-level data.
These SES indicators may not fully capture the underlying social and economic systems that predispose subpopulations to higher risk. Area-level data may not capture withinneighborhood SES variability (41) . A further limitation of this study, due to data availability, was the use of Valleywide average daily ambient PM 10 levels. This is a commonly applied approach, but it does not consider intraurban variation in PM 10 exposure based on variation in pollutant sources, topography, land-use patterns, or study subjects' neighborhood of residence or daily activity patterns. Future studies may investigate withincity spatial heterogeneity to address potential misclassification introduced by assigning a citywide exposure. Finally, future researchers can look into the potentially nonlinear effect of PM 10 on risk of hospital admission.
In conclusion, we found that ambient PM 10 concentration was associated with hospital admissions (respiratory, cardiovascular, other, and total) in the Kathmandu Valley. We did not find strong evidence of effect modification by sex, age, or SES.
These findings provide direct scientific evidence that high PM 10 levels have a substantial health impact in the Valley. These results, in combination with the high levels of exposure, indicate a potentially serious human health burden from air pollution in the Valley. The findings are highly relevant for policy-making, as this region continues to undergo population grown and rapid, often unplanned urbanization. 
